ABSTRACT
resulted in rates of fertilization (34%) and embryonic development (60%) that were significantly 48 lower than those of untreated controls (95% and 94%, respectively). In contrast, the 49 mathematically optimized two-step method yielded much higher rates of fertilization (85%) and 50 development (87%). To examine the causes for oocyte damage, we performed experiments to 51 separate the effects of cell shrinkage and Me 2 SO exposure time, revealing that neither 52 shrinkage nor Me 2 SO exposure single-handedly impairs the fertilization and development rates.
53
Thus, damage during one-step Me 2 SO addition appears to result from interactions between the 54 effects of Me 2 SO toxicity and osmotic stress. We also investigated Me 2 SO loading into mouse 55 oocytes at 30°C. At this temperature, fertilization rates were again lower after one-step loading
56
(8%) in comparison to mathematically optimized two-step loading (86%) and untreated controls 57 (96%). Furthermore, our computer algorithm generated an effective strategy for reducing 58 Me 2 SO exposure time, using hypotonic diluents for cryoprotectant solutions. With this 59 technique, 1.5 M Me 2 SO was successfully loaded in only 2.5 min, with 92% fertilizability. Based 60 on these promising results, we propose new methods to load cryoprotectants into human 61 oocytes, designed using our mathematical optimization approach. 
68
Although the first successful cryopreservation of mammalian and human oocytes was 
85
Moreover, the open-system vitrification approach is highly dependent on operator skill, and procedures is of importance to maximize the probability of success in oocyte cryopreservation.
97
Although it has long been recognized that mathematical models of membrane transport can 98 be used to guide the design of CPA loading and removal methods, the conventional approach to 99 protocol development has been limited to prevention of osmotic stress (i. 
113
Thus, in the present study, our goal was to experimentally test the hypothesis that oocyte 114 viability and function will be higher when CPA addition is performed using a two-step process 
124
the computer models to design optimal processes for loading of PROH into human oocytes.
126

MATERIALS AND METHODS
127
Reagents and Media
128
All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise stated. 
135
were overlaid by embryo-tested mineral oil and equilibrated overnight under a humidified 136 atmosphere of 5% CO 2 in air at 37C.
137
Galactose solutions used in osmotic shock experiments were prepared by adding 0. 
207
For both cost function definitions, to avoid oocyte damage due to osmotic shock, any cell 208 volume change greater than a critical threshold (conservatively defined as ±25% of the isotonic 209 cell volume) were prohibited by adding a penalty value to the cost function [37] .
210
To systematically search a multi-dimensional parameter-space p for the set of process
211
parameter values that will minimize the cost function C(p), the Nelder-Mead simplex algorithm 9 was used, as previously [37] . All computer-aided optimizations were performed using MATLAB 
214
Preliminary simulations suggested that using three or more CPA loading steps did not 215 significantly reduce the predicted cost, compared to two-step protocols (data not shown). Thus,
216
we focused on designing two-step loading methods. To develop optimal two-step protocols, we 217 allowed the optimization algorithm to adjust the CPA concentration in the first loading step, as 
227
Me 2 SO Loading Experiments at Room Temperature
228
The Nelder-Mead simplex algorithm predicted an optimal two-step Me 2 SO loading protocol 229 consisting of the following steps: (1) exposure to 0.738 M Me 2 SO for 7.1 min; and (2) 230 equilibration in 1.500 M Me 2 SO for 11.3 min. In addition to this optimized two-step loading 231 method, the experimental groups for loading of Me 2 SO at room temperature included non-232 optimized one-step loading, simplified two-step loading, and simplified two-step loading with a 233 longer second step. Controls consisted of an untreated oocyte group as well as a group 234 exposed to osmotic stress in the absence of CPA (see Supplementary Table 1 
267
The experiments involving loading of Me 2 SO at 30C were performed on a stage warmer
268
(MATS-U4020WF, Tokai Hit, Fujinomiya-shi, Japan) and the temperature of the Me 2 SO 269 solutions was monitored using a thin (0.8 mm) thermocouple wire that was immersed into one of 
312
In Vitro Fertilization and Embryo Culture
313
In vitro fertilization (IVF) and culture of inseminated oocytes were carried out in
314
Hypermedium at 37C under a humidified atmosphere of 5% CO 2 in air as described previously 315 [20] . Cleavage to the two-cell stage was examined after overnight culture while development to 
328
RESULTS
329
Optimization of Me 2 SO Loading into Mouse Oocytes at Room Temperature
330
As explained previously, the Nelder-Mead simplex algorithm generated an optimal two- 
337
Next, we experimentally tested the optimized and non-optimized Me 2 SO loading methods.
338
A total of 401 oocytes were used in this set of experiments, which were repeated more than 339 three times each. As shown in Fig. 1C , although neither Me 2 SO loading method had adverse 340 effects on oocyte survival, there was significant sublethal damage in oocytes subjected to non-341 optimized one-step loading of Me 2 SO. In particular, fertilization was significantly reduced after 342 one-step Me 2 SO loading in comparison to untreated controls (34% vs. 95%, p<0.0001).
343
Furthermore, the one-step loading method significantly lowered the embryonic development 344 (i.e., blastocyst formation) rate (60%) compared to the control group (94%, p<0.0005). Thus,
345
the net blastocyst yield per Me 2 SO-loaded oocyte in the non-optimized group was only 20%
346
(compared to 89% for untreated controls). In contrast to the poor result with one-step loading, 347 the fertilization rate after using the mathematically optimized two-step loading method (85%)
348
was significantly higher than after one-step loading, and similar to that of untreated controls.
349
The optimized two-step loading method also resulted in an improved embryonic development 350 rate (87%), which was comparable to that of untreated controls.
351
To explore possible reasons for the differences in fertilization and embryonic development 
361
experiment was repeated more than three times, and a total of 496 oocytes were used for this 362 set of experiments. As shown in Fig. 1D formation rates in the ZP-dissection (92%) and control (97%) groups were similar, and these 388 values were higher than the developmental capacity observed in non-dissected oocytes (60%).
389
Overall, these results suggest that zona hardening is part of the mechanism by which non-390 optimized one-step loading of 1.5 M Me 2 SO adversely affects the fertilization rate.
391
Development and Testing of Alternative Strategies for Me 2 SO Loading
392
To optimize Me 2 SO loading at 30ºC, we again used the Nelder-Mead simplex algorithm to 393 systematically search for conditions that result in the fastest CPA loading without exceeding
394
25% volume excursions, thus mitigating deleterious osmotic shock and potential CPA toxicity.
395
We considered two different optimization approaches that differed in their assumptions about 396 the salt concentration in the first loading step. Our initial approach assumed that all Me 2 SO 397 solutions would be prepared using an isotonic salt buffer as the diluent solution; this is the same 398 assumption that was used to develop room-temperature protocols for Me 2 SO addition. The 399 resulting computer-optimized two-step loading protocol (which allows loading of 1.5 M Me 2 SO in 400 7.1 min without exceeding 25% volume excursion) was experimentally compared to the non-
401
optimized one-step addition of Me 2 SO, which requires 6.5 min for loading and is predicted to 402 result in a 34% volume excursion, as shown in Fig. 2A 
422
saline osmolarity in the first step was predicted to be 50 mOsmol/L, equal to the imposed lower
423
bound.
424
As shown in Fig. 3A , this alternative CPA loading strategy (using a hypotonic diluent buffer 425 in the first step) yielded an optimized protocol for mouse oocytes that allows loading of 1.5 M
426
Me 2 SO within a remarkably short time period of 2.5 min. We performed experimental tests to 
432
The loading of 1.5 M Me 2 SO using the optimized two-step protocol with hypo-PBS+FBS resulted in fertilization (92%) and blastocyst (88%) rates similar to those (96% and 93%, 434 respectively) of untreated controls. The fertilization and blastocyst rates were also high in the 435 two-step hypo-NaCl+FBS (85% and 86%, respectively) and two-step hypo-NaCl+BSA (85% and 
467
comparison to the loading methods at 24°C, PROH loading at 30°C is more than fourfold faster,
468
which is expected to reduce damage associated with CPA toxicity.
469
One of us (AZH) has proposed an alternative optimization approach in which the rate of 
497
Although oocytes appear to tolerate osmotic stresses reasonably well in the absence
498
CPAs, it is important to estimate osmotic tolerance limits of oocytes in the presence of CPA, due 
520
Me 2 SO loading at 30ºC, which induces a 34% volume excursion, resulted in significantly lower 521 fertilization rates. Taken together, these results suggest that it might be a good idea to avoid 522 volume excursions beyond 30% in the presence of potentially toxic CPAs, although the exact 523 value of the osmotic tolerance limit is expected to vary depending on species, type of CPA,
524
composition of cryopreservation medium, and loading temperature.
525
In the present study, the primary deleterious effect of the non-optimized Me 2 SO loading 526 was on fertilization. It is important to note that 1. 
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